1.. Introduction {#S1}
================

While it is well established by the scientific community that fire is a key process in the terrestrial carbon cycle, fire management is also increasingly recognized as a significant aspect of public policy ([@R15], [@R16]; [@R7]; [@R44]; [@R46]). There is therefore a growing need for long term, spatially-and temporally explicit global burned area data sets that are consistent and well characterized. The advent of NASA's Terra and Aqua satellites, launched respectively in 1999 and 2002, enabled, for the first time, systematic production of multi-year, global active fire and burned area products using Moderate Resolution Imaging Spectroradiometer (MODIS) observations ([@R38]). The NASA MODIS fire products have been used in the scientific literature more than any other global fire dataset ([@R55]), both by the global modeling community and by the fire applications community (e.g., [@R75]; [@R31]; [@R27]; [@R4]; [@R33]; [@R36]; [@R21]; [@R3]; [@R1]; [@R74]; [@R79]).

The NASA MCD64A1 global burned area product ([@R28]) was released recently as part of the most recent reprocessing of the science-quality NASA MODIS Land Product suite ([@R39]). The MCD64A1 product is defined for the global land surface from November 2000 to present, in the equal area sinusoidal projection in approximately 1200 × 1200 km tiles, and is distributed as a monthly product that classifies each 500 m pixel as burned (with indication of the estimated day of burning), unburned, or unmapped if insufficient data were available to determine the burnt/unburned status ([@R29]). The Collection 6 burned area product, hereafter referred to as MCD64A1, supersedes the previous Collection 5.1 NASA MODIS burned area MCD64A1 and MCD45A1 products. It uses a refined algorithm designed to increase the detection of small burns, reduce the uncertainty in the temporal detection of the day of burning, and reduce the extent of unmapped areas in regions with high cloud cover ([@R28]).

Satellite product performance information is required to enable users to select and use products appropriately ([@R63]; [@R54]). Quantitative product accuracy information may be derived by product comparison with a sample of independent reference data that has minimal or no error; this is termed *validation* ([@R37]; [@R71]; [@R6]; [@R53]). Product performance information may also be derived by examination of product examples at different temporal and spatial scales and by intercomparison with other products that have similar accuracy; this is often termed *quality assessment* ([@R63]). Product quality assessment is necessary for global products given the large number of factors that can adversely affect their quality (for a detailed discussion see [@R63]), and because over large areas product quality issues, such as stripes at input image granule boundaries, or anomalous temporal and spatial burning patterns (for examples see [@R35]), may remain undetected by validation activities that necessarily rely on a limited sample of independent reference data. The Collection 6 MCD64A1 product development involved significant product quality assessment, and some quality assessment results were reported in the literature. For example, systematic comparisons with the previous Collection 5.1 MCD64A1 burned area products showed that the Collection 6 MCD64A1 identified more area burned (26%) but similar spatial and temporal patterns at regional to global scales ([@R35]; [@R28]). These quality assessment activities do not, however, describe the product accuracy.

This paper quantifies the areal accuracy of the Collection 6 MCD64A1 burned area product. The validation approach used to derive the product accuracy information follows the methods presented in [@R14], and it conforms with the Stage 3 requirements defined by the Committee on Earth Observation Satellites (CEOS) Land Product Validation subgroup ([@R53]) that were defined to broadly document the representativeness of product validation results: *Stage 1 Validation*: Product accuracy has been estimated using a small set of independent reference data obtained from selected locations and time periods.*Stage 2 Validation*: Product accuracy has been assessed using independent reference data selected over a widely distributed set of locations and time periods that are representative of the full range of conditions present in the product.*Stage 3 Validation*: Product accuracy has been assessed, and the uncertainties in the product established via independent measurements made in a statistically robust way, at multiple locations and time periods that represent the full range of conditions present in the product, and is characterized by the selection of independent reference data via probability sampling.*Stage 4 Validation*: Validation results for Stage 3 are systematically updated when new product versions are released, or when the time coverage of existing products expands.

Previously, we undertook a Stage 2 validation of the Collection 6 MCD64A1 product using an independent reference dataset composed of only 192 globally distributed Landsat Thematic Mapper (TM) and Landsat 7 Enhanced Mapper Plus (ETM+) images, acquired between 2003 and 2010, that were visually interpreted into 30 m burned, unburned, and unmapped classes ([@R28]). We found a 24% commission error and a 37% omission error with respect to the 30 m Landsat data, and a 0.88 linear regression slope (0.82 r^2^) between the burn fraction in the MCD64A1 product and the Landsat reference data in 5 km grid cells ([@R28]). In addition, the temporal difference between the MCD64A1 reported day of burning and the dates of MODIS active fire detections was assessed with improved temporal reporting accuracy over the previous collection NASA MODIS burned area products ([@R12]). These Collection 6 MCD64A1 validation results are Stage 2 and so do not reliably reflect the global MCD64A1 product accuracy. Specifically, no unbiased estimators of the accuracy metrics could be used, and no standard errors for the accuracy metrics could be derived as the independent reference data were not selected via probability sampling.

In this paper, one year of the Collection 6 MCD64A1 product starting on March 1^st^ 2014 was validated to Stage 3 by comparison with independent reference data derived from 558 Landsat 8 Operational Land Imager (OLI) image pairs. This period was used because an annual fire year definition starting March 1st results in more consistent annual burned area reporting than a conventional calendar year definition ([@R8]), and because Landsat 8 was launched February 2013 ([@R66]). Pairs of Landsat 8 OLI images sensed over the same location 16 days apart were visually interpreted according to the Global Burned Area Satellite Validation Protocol ([@R13]) endorsed by the Land Product Validation subgroup of the Committee on Earth Observation Satellites (CEOS-LPV, <http://lpvs.gsfc.nasa.gov/>), and used as independent reference data that were compared with MCD64A1. Burned area validation is a specific case of land cover change validation: the rare and impermanent nature of burned areas requires the implementation of a sampling scheme that considers both the spatial and temporal dimension of the burned area products ([@R73]). The Landsat 8 OLI images of the independent reference dataset were randomly extracted in space and time following the stratified sampling scheme presented in [@R14]. Initial analysis in [@R14], further expanded by [@R59], demonstrated that this sampling scheme is statistically rigorous, i.e., it follows the design-inference framework defined by [@R68]. Furthermore, it possesses the desirable properties of a sampling scheme ([@R70], [@R72]) for burned area product validation, namely, it enables unbiased estimation of accuracy and area metrics with associated standard errors, and it is practical to implement.

The paper is organized as follows. [Sections 2](#S2){ref-type="sec"} and [3](#S12){ref-type="sec"} present the methods and results respectively. [Section 2.1](#S3){ref-type="sec"} describes the protocol employed for the generation of the independent reference data through interpretation of pairs of Landsat 8 OLI images. [Section 2.2](#S4){ref-type="sec"} summarizes the sampling scheme proposed in [@R14], and describes how it was implemented to randomly select Landsat 8 OLI image pairs. [Section 2.3](#S5){ref-type="sec"} presents the accuracy metrics employed to document MCD64A1 product accuracy, derived from the confusion matrix evaluated at 30 m resolution ([Section 2.3.1](#S6){ref-type="sec"}) and regression metrics evaluated using coarse resolution cells ([Section 2.3.2](#S11){ref-type="sec"}). [Section 3.1](#S13){ref-type="sec"} presents the global and per-biome confusion matrices and the accuracy metrics with their standard errors. [Section 3.2](#S14){ref-type="sec"} presents the global and perbiome results of the regression analyses.

2.. Methods {#S2}
===========

2.1.. Independent reference data generation {#S3}
-------------------------------------------

The independent reference data used to quantify the MCD641 product accuracy were derived from a large number of Landsat 8 Operational Land Imager (OLI) 30 m images. Landsat 8 OLI images were used because they have greater global acquisition availability than older Landsat sensors ([@R47]; [@R78]) and they do not have the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 22% missing pixel problem ([@R50]). The recently processed Collection 1 Landsat 8 OLI images defined in the Universal Transverse Mercator (UTM) projection were used ([@R22]). Each OLI image covers approximately 180 × 185 km and is referenced by a unique path/row coordinate in the Worldwide Reference System (WRS). Nominally, each Landsat satellite can sense the same path/row every 16 days, i.e., 22 or 23 times per year, depending on the first January overpass date ([@R42]).

Pairs of Landsat 8 OLI images acquired 16 days apart over each path/row were used to generate interpreted burned area maps that define, at each 30 m Landsat pixel location, if the pixel burned between the Landsat 8 OLI image acquisition dates, or if the pixel was unburned. Pixel locations that could not be interpreted, or that were unobserved in one or both images (e.g., due to clouds or shadows), were labeled as unmapped. The Landsat Collection 1 30-m cloud and shadow masks were used as a guide but supplemented by visual checking and refinement as needed as they are not always reliable, which has been observed by other researchers ([@R60]; [@R23]). The visual interpretation was undertaken by experts following the protocol developed originally by members of the GOFC/GOLD Southern African Fire Network (SAFNet) ([@R64]) and adopted by the CEOS-LPV as best practice for coarse resolution burned area product validation ([@R13]). The burned perimeters were digitized onscreen, taking into account any unburned islands within the fire; the minimum mapping unit was 60 m (i.e. all burned areas with small axis dimension of 60 m or greater were mapped), which is lower than the 240 m minimum mapping unit specified in [@R64], due to the better radiometric resolution and geolocation of Landsat 8 OLI data relative to the Landsat 7 ETM + used for the original SAFNet protocol. Two interpreters were involved in the generation of the reference burned area map from each Landsat 8 OLI image pair: one interpreter undertook the digitization, and the other checked the results and modified them if appropriate after discussion. We note that in previous burned area validation exercises (e.g., [@R11]; [@R62]; [@R57]; [@R58]; [@R28]), the pairs of pre- and post-fire Landsat images were not always selected 16 days apart and that they were selected usually to ensure that any burning occurring between the acquisitions was discernable in the post-fire image. This is reasonable, as burned areas are discernable in satellite images for intervals from weeks to years depending on factors including the vegetation cover and vegetation regrowth; for example, a recent MODIS analysis indicates a global median persistence time of 29 days ([@R51]), but this introduces an element of non-randomness in the temporal selection of the reference images.

2.2.. Sampling design {#S4}
---------------------

To provide a statistically rigorous Stage 3 validation, Landsat 8 OLI image pairs acquired 16 days apart were selected randomly following a global stratified random sampling scheme that allows for the use of unbiased accuracy and burned area estimators ([@R14]; [@R59]). The sampling scheme is based on random extraction in space and time. It uses a tri-dimensional sampling grid that is defined spatially by the irregular hexagons of the Thiessen Scene Area (TSA) tessellation of the Landsat path/row locations ([@R25]; [@R20]; [@R40]), and temporally by the 16-day Landsat acquisition calendar at each path/row. The grid defines non-overlapping sampling units, where each sampling unit is a *voxel* uniquely identified by three coordinates *u* = {*p*,*r*, *t*}, where *p* is the WRS path, *r* is the WRS row, and *t* is the 16-day Landsat acquisition interval. At each TSA hexagon, 23 voxels, i.e., 23 16-day periods (368 days) from the day of the first Landsat 8 overpass on or after March 1st, 2014, were considered. Among the global TSA hexagons the first Landsat 8 overpass date varied from March 1^st^, 2014 to March 16^th^, 2014. Thus, the global MCD64A1 product from March 1^st^, 2014 to March 19^th^, 2015 was considered.

The grid of voxels was stratified spatially into seven aggregated biomes, derived from the Olson global ecoregion map ([@R56]) ([Fig. 1](#F1){ref-type="fig"} top). Permanent water and ice surfaces were excluded because they do not burn. The voxels in each biome were further stratified temporally into low or high fire activity strata, taking into account the timing of burning within the year. In each voxel {*p*,*r*,*t*}, the number of active fire detections is derived as the MODIS active fire 1 km^2^ pixels detected within the TSA hexagon {*p*,*r*} over the 16-day interval {*t*}. The voxels assigned to the 'high fire activity' stratum are those with more active fire detections than a biome-specific threshold, and the remainder were assigned to the 'low fire activity' stratum (e.g., [Fig. 1](#F1){ref-type="fig"}, bottom). The threshold was set as the 20th quantile of the cumulative distribution of the number of active fire detections in all the biome voxels. Thus, the union of the 'high fire activity' voxels in the biome comprises 80% of the biome active fire detections over the fire year. The active fire detections were defined by the MODIS Terra (MOD14A1) and Aqua (MYD14A1) day and night detection products ([@R26]), with permanent fires, for example due to gas flares, removed using a pre-computed permanent fire mask ([@R30]). The adoption of the voxel stratification in space and time takes into account the seasonality of fire distribution: voxels acquired at the same TSA location will generally belong to the high fire activity stratum during the fire season and to the low fire activity stratum outside the fire season when no burning occurs.

There are 7805 TSA hexagons on land between 70° S and 70° N; combined with the 23 Landsat overpasses in the fire year, they define a global total of 179515 voxels. The number of voxels in the 14 combined biome and fire activity strata is summarized in [Table 1](#T1){ref-type="table"}. As discussed in [@R14], for a global year of data, only a minority of the voxels have high fire activity, in this case only 4.27% of the voxels ([Table 1](#T1){ref-type="table"}). This implies that if a global simple random sample is implemented for the selection of independent reference data then approximately 95% of the sampled voxels would be low fire activity voxels. With a limited sample size, this would likely result in a validation dataset that produces high standard errors of the accuracy and area estimators.

[@R14] demonstrated that stratified random sampling from the tri-dimensional combined biome and fire activity strata reduces the standard errors of the accuracy and area estimators compared to simple random sampling, by ensuring an adequate sample size at locations and times when burning occurs. Different stratified sampling allocation schemes were considered but equal allocation of the samples among the strata was found to be the most effective in reducing the standard errors. Thus, in this study, a random number generator was used to select voxels at random without replacement from the population of each stratum. If one or both images in each pair was not available in the U.S. from the archive or had cloud cover \> 70% based on the image metadata, then the voxel was discarded from the validation analysis. A total of 100 voxels per biome were selected, 50 in the low and 50 in the high fire activity biome voxels, providing a global total of 700 voxels. Thus, 700 Landsat 8 OLI image pairs sensed 16 days apart over globally distributed TSA hexagons, in periods of both low and high fire activity, were downloaded. Following a preliminary inspection of the Landsat 8 OLI images, 142 voxels were discarded because of poor data quality, when the interpreters could not unambiguously identify burned and unburned areas in the Landsat 8 image pairs. This was primarily due to cloud cover, when the image metadata reported cloud cover \< 70% but the portion of the images within the TSA footprint hexagon was completely cloudy in one or both images, or to high aerosol conditions that were not reflected by the cloud cover metadata and made the image interpretation impossible. The remaining 558 voxels, i.e., a total of 1116 Landsat 8 images, constitute the independent reference dataset and were used to generate the Landsat 8 interpreted burned area maps composed of 30 m burned, unburned, and unmapped classes. [Fig. 2](#F2){ref-type="fig"} illustrates their spatial and temporal distribution, showing the locations of the Landsat 8 image pairs acquired 16 days apart for each selected voxel and the date of the first image acquisition. The independent reference data are globally distributed, with between 77 and 88 voxels per biome and an approximately equal proportion in the low and high fire activity strata in each biome ([Table 2](#T2){ref-type="table"}).

2.3.. MODIS burned area product accuracy assessment {#S5}
---------------------------------------------------

### 2.3.1.. Confusion matrix and derived accuracy metrics {#S6}

#### 2.3.1.1.. Overview and notation. {#S7}

Conventionally, satellite burned area product accuracy is derived using confusion matrices that summarize the proportions of agreement and disagreement of the burned and unburned classes compared to independent reference data. The confusion matrices were derived by comparison of the contemporaneous MCD64A1 and Landsat 8 interpreted burned area maps for each sampled voxel. The MCD64A1 product was reprojected from the MODIS sinusoidal projection to the appropriate Landsat 8 UTM projection and zone, and the MCD64A1 500 m pixels were nearest-neighbor resampled to 30 m to allow direct comparison with the 30 m Landsat interpreted burned area maps.

[Table 3](#T3){ref-type="table"} illustrates a burned area product confusion matrix to introduce the conventions and notation used in this paper. The confusion matrix considers only the burned and unburned classes: adopting the same simplifying assumption made by [@R57], it is assumed that the proportions of agreement and disagreement observed over the mapped areas of the validation dataset are the same for the unmapped areas.

Because the independent reference dataset was extracted using a probability sampling design, it is used to estimate the global and perbiome confusion matrices ([Section 2.3.1.2](#S8){ref-type="sec"}), accuracy metrics ([Section 2.3.1.3](#S9){ref-type="sec"}) and area burned ([Section 2.3.1.4](#S10){ref-type="sec"}) with the associated standard errors. A more comprehensive discussion on the estimation of the confusion matrix and associated accuracy metrics using the tri-dimensional voxel sampling grid is presented in [@R14], with the difference that in [@R14] the standard errors are computed from the full population data available, whereas in the present work, as in ([@R57]), the standard errors are estimated from the sample data. The estimators used are unbiased, and take into account the population and sample size in each biome and fire activity stratum ([@R14]; [@R59]). Using standard statistical terminology, we denote *N* as the size of the population of all voxels, i.e., the total number of voxels in space and time; for example, for the global fire year *N* = 179515 ([Table 1](#T1){ref-type="table"}). The *N* voxels are partitioned in *H* non-overlapping strata; globally there are 7 biomes, each further partitioned into low and high fire activity strata, providing a total of *H* = 14 strata. The population in a specific stratum *h* is composed of *N*~h~ voxels, and *n*~*h*~ voxels are sampled from the *N*~*h*~ voxels. For example, the strata {tropical forest; high fire activity} and {tropical forest; low fire activity} have populations composed of 1963 and 29133 voxels respectively ([Table 1](#T1){ref-type="table"}) and under the sampling protocol described in [Section 2.2](#S4){ref-type="sec"}, a sample of equal size (*n*~*h*~ = 50) is extracted from each.

#### 2.3.1.2.. Estimation of the global and per-biome confusion matrices. {#S8}

A confusion matrix was computed at 30 m resolution for each Landsat 8 interpreted burned area map and the contemporaneous MCD64A1 product, i.e., a confusion matrix was derived for each sampled voxel *u*. The elements *p*~*u,ij*~ ofthe confusion matrix are defined as: $$p_{u,ij}\mspace{180mu} = \mspace{180mu}\frac{A_{u,ij}^{\prime}}{A_{u}^{\prime}}$$ $$A_{u}^{\prime}\mspace{180mu} = \mspace{180mu}{\sum\limits_{ij}A_{u,ij}^{\prime}}$$ where $A_{u,ij}^{\prime}$ is the area of agreement and disagreement between the MCD64A1 product and the Landsat 8 interpreted burned area map, and $A_{u}^{\prime}$ is the total area of voxel *u* that was interpreted as burned or unburned in both products.

The elements of the per-biome and global confusion matrices are estimated from the sample using an unbiased estimator: $${\hat{p}}_{ij}\mspace{180mu} = \mspace{180mu}\frac{1}{N}{\sum\limits_{h = 1}^{H}{\sum\limits_{u = 1}^{n_{h}}\frac{p_{u,ij}}{\pi_{h}}}}$$ $$\pi_{h}\mspace{180mu} = \mspace{180mu}\frac{n_{h}}{N_{h}}$$ where ${\hat{p}}_{ij}$ is the estimated value of *p*~*ij*~, and *p*~*u,ij*~ are the elements of the confusion matrix for each sample voxel *u* calculated as \[[1](#FD1){ref-type="disp-formula"}\], *H* is the total number of strata, *n*~*h*~ is the sample size in stratum *h*, *N*~*h*~ is the population size in stratum *h*, and *π*~h~ is the inclusion probability for stratum *h*. The inclusion probability is the probability that a voxel belonging to stratum *h* is included in the sample; under stratified random sampling, *π*~h~ is the same for all the voxels in the stratum, and thus is defined as \[[4](#FD4){ref-type="disp-formula"}\], i.e., as the ratio between the sample and the population sizes ([@R19]).

The biome confusion matrix elements are derived considering *H* = 2 strata (one low and one high fire activity stratum) in the biome, and the global confusion matrix elements are derived considering *H* = 14 strata (seven biomes, each with low and high fire activity strata). The sample sizes of each stratum are the values reported in [Table 2](#T2){ref-type="table"}, and the population sizes are the values reported in [Table 1](#T1){ref-type="table"}.

#### 2.3.1.3.. Estimation of global and per-biome accuracy metrics. {#S9}

Four accuracy metrics often used for burned area validation ([@R57], [@R59]; [@R14]) were considered, namely the Overall Accuracy (OA), the Omission Error Ratio of the burned area class (OE), the Commission Error Ratio of the burned area class (CE), and the bias of the total mapped area burned relative to the total estimated independent reference area burned (relB). The accuracy metrics are estimated globally and for each biome as: $$\hat{\text{OA}}\mspace{180mu} = \mspace{180mu}{\hat{p}}_{11} + {\hat{p}}_{22}$$ $$\hat{\text{OE}}\mspace{180mu} = \mspace{180mu}\frac{{\hat{p}}_{21}}{{\hat{p}}_{11} + {\hat{p}}_{21}}$$ $$\hat{\text{CE}}\mspace{180mu} = \mspace{180mu}\frac{{\hat{p}}_{12}}{{\hat{p}}_{11} + {\hat{p}}_{12}}$$ $$\text{r}\hat{\text{el}}\text{B}\mspace{180mu} = \mspace{180mu}\frac{{\hat{p}}_{21} - {\hat{p}}_{12}}{{\hat{p}}_{11} + {\hat{p}}_{21}}$$ where ${\hat{p}}_{ij}$ are the elements of the confusion matrix estimated respectively for each biome and globally from the sampled voxels defined as \[[3](#FD3){ref-type="disp-formula"}\].

The standard errors of the four accuracy metrics \[[5](#FD5){ref-type="disp-formula"}--[8](#FD8){ref-type="disp-formula"}\] can be estimated using standard formulae for ratio estimators ([@R19]). Generically, a ratio estimator is one where the parameter *R* (the population ratio) can be estimated as: $$R\mspace{180mu}\text{=}\mspace{180mu}\overline{Y}/\overline{X}$$ where $\overline{X}$ and $\overline{Y}$ are the population means of two quantities *x* and *y*. In the case of the four accuracy metrics, by rearranging the terms of their standard formulation \[[5](#FD5){ref-type="disp-formula"}--[8](#FD8){ref-type="disp-formula"}\], the quantities *x* and *y* are defined for each voxel *u* as:

Overall accuracy (OA): $x_{u}\mspace{180mu} = \mspace{180mu} A_{u}^{\prime}$ (interpreted area of voxel *u*)$y_{u}\mspace{180mu} = \mspace{180mu} A_{u,11}^{\prime} + A_{u,22}^{\prime}$ (area of agreement for voxel *u*)

Omission error (OE): $x_{u}\mspace{180mu} = \mspace{180mu} A_{u,11}^{\prime} + A_{u,21}^{\prime}$ (area burned determined from the reference data for voxel *u*)$y_{u}\mspace{180mu} = \mspace{180mu} A_{u,21}^{\prime}$ (area burned determined from the reference data but not mapped as burned in the classified product for voxel *u*)

Commission error (CE): $x_{u}\mspace{180mu} = \mspace{180mu} A_{u,11}^{\prime} + A_{u,12}^{\prime}$ (area mapped as burned in the classified product for voxel *u*)$y_{u}\mspace{180mu} = \mspace{180mu} A_{u,12}^{\prime}$ (area mapped as burned in the classified product but not burned as determined from the reference data for voxel *u*)

Relative bias (relB): $x_{u}\mspace{180mu} = \mspace{180mu} A_{u,11}^{\prime} + A_{u,21}^{\prime}$ (area burned determined from the reference data for voxel *u*)$y_{u}\mspace{180mu} = \mspace{180mu} A_{u,21}^{\prime} - A_{u,12}^{\prime}$ (difference between the area mapped as burned in the reference data, and the area mapped as burned in the classified product for voxel *u*)

The standard error of each accuracy metric is estimated, for each biome and globally, as ([@R19]): $$\hat{SE}(\hat{R})\mspace{180mu} = \mspace{180mu}\frac{1}{{\sum_{h = 1}^{H}N_{h}}{\overline{x}}_{h}}\sqrt{{\sum\limits_{h = 1}^{H}N_{h}^{2}}\left( {1 - \frac{n_{h}}{N_{h}}} \right)\frac{s_{yh}^{2} + {\hat{R}}^{2}s_{xh}^{2} - 2\hat{R}s_{xyh}}{n_{h}}}$$ where *H* is the total number of strata under consideration (*H* = 2 for per-biome estimations, *H* = 14 for the global estimation), *N*~*h*~ is the population size in stratum *h*, *n*~*h*~ is the sample size in stratum *h*, $\hat{R}$ is the estimated value as in \[[5](#FD5){ref-type="disp-formula"}--[8](#FD8){ref-type="disp-formula"}\], ${\overline{x}}_{h}$, $s_{xh}^{2}$ and $s_{yh}^{2}$ are the sample mean and variances of *x* and *y* in stratum *h*, and *s*~*xyh*~ is the sample covariance of *x* and *y* in stratum *h*.

#### 2.3.1.4.. Estimation of global and per-biome total burned area. {#S10}

The estimated total area burned can be derived for each biome and globally from the estimated confusion matrix as: $$\hat{B}\mspace{180mu} = A\mspace{180mu} \ast \mspace{180mu}\left( {{\hat{p}}_{11} + {\hat{p}}_{21}} \right)$$ where $\hat{B}$ is the estimated total area burned, ${\hat{p}}_{11}$, ${\hat{p}}_{21}$ are the elements of the first column of the confusion matrix defined as \[[3](#FD3){ref-type="disp-formula"}\], and *A* is the summed area of each TSA hexagon multiplied by 23 (as 23 16-day temporal intervals define the voxel population). The per-biome and global estimates of $\hat{B}$ are derived using ${\hat{p}}_{11}$, ${\hat{p}}_{21}$ from the per-biome and the global confusion matrices respectively, and using *A* defined as the sum of the areas of all the voxels in the biome and globally respectively.

$\hat{B}$ can be also directly estimated from the sample by reformulating [Equation \[11\]](#FD11){ref-type="disp-formula"} as: $$\hat{B}\mspace{180mu} = \mspace{180mu}{\sum\limits_{h = 1}^{H}{\sum\limits_{u = 1}^{n_{h}}\frac{N_{h}}{n_{h}}}}b_{u}$$ where *H* is the total number of strata under consideration (*H* = 2 for per-biome estimations, *H* = 14 for the global estimation), *N*~*h*~ is the population size in stratum *h*, *n*~*h*~ is the sample size in stratum *h*, and $b_{u}\mspace{180mu} = \mspace{180mu} A_{u,11}^{\prime} + A_{u,21}^{\prime}$ is the burned area mapped in the independent reference dataset within the TSA footprint and 16 day time period of voxel *u*.

The estimated standard error of the total area burned $\hat{SE}(\hat{B})$ is ([@R19]): $$\hat{SE}(\hat{B})\mspace{180mu} = \sqrt{{\sum\limits_{h = 1}^{H}N_{h}^{2}}\left( {1 - \frac{n_{h}}{N_{h}}} \right)\frac{s_{bh}^{2}}{n_{h}}}$$ where *H* is the total number of strata under consideration (*H* = 2 for per-biome estimation, *H* = 14 for the global estimation), *N*~*h*~ is the population size in stratum *h*, *n*~*h*~ is the sample size in stratum *h*, and $s_{bh}^{2}$ is the sample variance of *b*~*u*~ in stratum *h*. For ease of interpretation, the unitless coefficient of variation $CV\mspace{180mu}\left( \hat{B} \right)$ is reported: $$CV\mspace{180mu}(\hat{B})\mspace{180mu} = \mspace{180mu}\hat{SE}(\hat{B})/\hat{B}$$ where the standard error $\hat{\text{SE}}(\hat{\text{B}})$ and the area $\hat{B}$ are estimated as \[[13](#FD13){ref-type="disp-formula"}\] and \[[11](#FD11){ref-type="disp-formula"}\] (or \[[12](#FD12){ref-type="disp-formula"}\]) respectively.

### 2.3.2.. Coarse resolution regression metrics {#S11}

Due to the different spatial resolutions of the Landsat 8 reference data (30 m) and the MODIS MCD64A1 product (500 m), some errors of omission and commission will occur due solely to the presence of mixed pixels at the MODIS resolution ([@R10]). The confusion matrix, evaluated at 30 m resolution, cannot be used to discriminate between errors of omission and commission occurring in the immediate vicinity of burned areas mapped in the independent reference dataset, likely due to the coarse resolution of the MCD64A1 product, and MCD64A1 misclassification errors. For this reason, the error matrix and the derived accuracy metric results were complemented by an accuracy assessment based on coarse resolution regression metrics ([@R9]; [@R62]).

The proportion of coarse resolution grid cells detected as burned by MCD64A1 was compared to the proportion labeled as burned in the Landsat 8 independent reference data. Coarse grid cells with side dimensions of 3 km, 4 km, 5 km, and 6 km were considered. These four grid cells dimensions, also used in a recent study that compared MCD64A1 with 30 m burned areas mapped over southern Africa using a Landsat-8 Sentinel-2A multi-temporal change detection algorithm ([@R67]), are many times larger than the 500 m MODIS pixel dimension but small enough to minimize the occurrence of cells with similar burned-area proportions in both products but with burns mapped at different locations within the cell ([@R62]; [@R67]). Only grid cells with \< 5% unmapped data were considered. Regression lines were fitted through the data; the slope and intercept of the regression line are an indication of the accuracy of the burned area detection, whereas the coefficient of determination (*r*^2^) is an indication of the precision i.e., is indicative of the quality of coherence or repeatability ([@R9]). A regression line slope equal to unity with a zero intercept indicates that the burned area detection is accurate at the coarse resolution cell scale. A coefficient of determination equal to one indicates that the variability of the data is fully explained by the linear model (all the points fall on the regression line), while a coefficient of determination equal to zero indicates that there is no relationship between the linear model and the variability of the data ([@R62]).

To quantify the compensation between omission and commission errors in coarse resolution cells, the distribution of the deviations between the Landsat 8 independent reference data and the MCD64A1 product was characterized as a function of the proportion of area burned in the reference data. In order to investigate whether any overall areal differences between the MCD64A1 product and the independent reference data are due to large errors in relatively few cells, or to systematic overestimation or underestimation of smaller burned areas, the total difference in burned area was also computed as a function of the proportion of area burned in the reference data.

3.. Results {#S12}
===========

3.1.. Estimated confusion matrices and confusion matrix based accuracy metrics {#S13}
------------------------------------------------------------------------------

The Landsat 8 pairs defining each of the 558 voxels of the independent reference dataset were interpreted into 30-m maps, with burned, unburned, or unmapped classes ([Section 2.1](#S3){ref-type="sec"}). The Landsat 8 independent reference data cover over 12 million km^2^, including 0.12 million km^2^ of visually interpreted burned areas and almost 8 million km^2^ of unburned area.

[Table 4](#T4){ref-type="table"} presents the estimated global and per-biome confusion matrices; the elements of the matrices are estimated as in \[[3](#FD3){ref-type="disp-formula"}\] from the 558 independent reference data voxels, and taking into account the strata sample and population sizes. These results are reported for completeness and to ensure transparency for the calculation of the estimated accuracy metrics that are shown in [Table 5](#T5){ref-type="table"}.

[Table 5](#T5){ref-type="table"} reports the estimated global and per-biome accuracy metrics, the estimated total area burned, and the associated standard errors derived from the [Table 4](#T4){ref-type="table"} confusion matrices. The estimated Overall Accuracy $\left( \hat{OA} \right)$, Omission Error $\left( \hat{OE} \right)$, Commission Error $\left( \hat{CE} \right)$ and the Relative Bias $\left( {r\hat{el}B} \right)$ are computed as \[[5](#FD5){ref-type="disp-formula"}--[8](#FD8){ref-type="disp-formula"}\], and the estimated total Landsat 8 burned area $\left( \hat{B} \right)$ is computed as in \[[11](#FD11){ref-type="disp-formula"}--[12](#FD12){ref-type="disp-formula"}\]. The estimated standard errors $\left( \hat{SE} \right)$ of the four accuracy metrics, computed as \[[10](#FD10){ref-type="disp-formula"}\] and the estimated coefficient of variation of the estimated burned area $CV\mspace{180mu}\left( \hat{B} \right)$ computed as \[[13](#FD13){ref-type="disp-formula"}--[14](#FD14){ref-type="disp-formula"}\] are also shown.

The $\hat{OA}$ is high globally (99.7%) and in each biome is greater than 90%, but as noted above, this reflects the generally low occurrence of burned areas in either product. Globally, the $\hat{OE}$ is 75.6% and the $\hat{CE}$ is 40.2%, with the prevalence of omission error reflected by a $r\hat{el}B$ of −54%. The accuracy metric values are variable among the biomes, with the lowest $\hat{OE}$ and $\hat{CE}$ in Boreal Forest $\left( {\hat{OE}\mspace{180mu} = \mspace{180mu} 27.0\%,\mspace{180mu}\hat{CE} = 23.9\%} \right)$, and the highest errors in the Tropical Forest, Temperate Forest, and Mediterranean biomes $\left( {\hat{OE}\mspace{180mu} > \mspace{180mu} 90\%,\mspace{180mu}\hat{CE}\mspace{180mu} > \mspace{180mu} 50\%} \right)$. The $r\hat{el}B$ values are negative in all biomes, and range from −4% in Boreal Forest, to −87% in Temperate Forest. Globally, the standard errors of the four accuracy metrics are less than 6% with $\hat{SE}(\hat{OA})\mspace{180mu} < \mspace{180mu} 0.1\%$, $\hat{SE}(\hat{OE})\mspace{180mu} = \mspace{180mu} 3.9\%$, $\hat{SE}(\hat{CE})\mspace{180mu} = \mspace{180mu} 2.4\%$, $\hat{SE}(re\hat{l}B)\mspace{180mu} = \mspace{180mu} 5.3\%$. At the biome level all standard errors are less than 12% with the sole exception of the standard error of $r\hat{el}B$ in the Mediterranean biome, which is 16.1%. The estimated annual area burned $\left( \hat{B} \right)$, which is estimated solely from the Landsat 8 independent reference data ([section 2.3.1.4](#S10){ref-type="sec"}), is 7.6 million km^2^ globally. The coefficient of variation $\left( {CV\mspace{180mu}(\hat{B})} \right)$ ranges in the biomes from 14.5% (Tropical Savannah) to 42.4% (Mediterranean), and is 8.9% globally.

3.2.. Coarse resolution regression metrics {#S14}
------------------------------------------

[Fig. 3](#F3){ref-type="fig"} shows the regression analyses of the proportion of grid cells labeled as burned by the MCD64A1 product against the proportions labeled as burned by the Landsat 8 independent reference data using 5 km × 5 km coarse resolution cells. Per-biome and global scatterplots and regression results are presented; it should be noted that the density plots and the regression coefficients are derived by considering all coarse resolution cells in the independent resolution dataset without taking into account the inclusion probabilities. The negative intercepts and slopes smaller than one for all seven biomes indicate that the MODIS product always maps a smaller proportion of the landscape as burned than the Landsat 8 independent reference dataset. Globally, the high correlation (*r*^2^ = 0.74), the slope close to unity (0.81) and small negative intercept (−0.0031) indicate that the errors of omission and commission significantly compensate at relatively local scales. Only in some biomes the relationship between the two datasets can be meaningfully characterized with a regression analysis. There is a clear distinction between four biomes (Boreal Forest, Desert and Xeric Shrublands, Temperate Savannah and Tropical Savannah) where high correlations (*r*^2^ from 0.68 to 0.82) and slopes closer to unity (from 0.69 to 0.91) are observed, and the remaining three biomes (Temperate Forest, Mediterranean, Tropical Forest) where the correlations are lower (r^2^ from 0.17 to 0.38) and the slopes are further from unity (from 0.11 to 0.52). These results indicate that in the former four biomes, which account for the majority of the mapped burned area ([Table 1](#T1){ref-type="table"}), the omission and commission errors affecting the MCD64A1 500 m product largely compensate within the 5 km × 5 km cells. In the latter three biomes, which account only for 13.5% of the total global burned area mapped by the MCD64A1 product ([Table 1](#T1){ref-type="table"}), omission errors are prevalent, due to small burned areas entirely missed by the MCD64A1 product.

[Fig. 4](#F4){ref-type="fig"} shows similar global results as [Fig. 3](#F3){ref-type="fig"} but for coarse grid cells with 3 km, 4 km, and 6 km side dimensions (the 5 km results are also shown for ease of comparison). The correlation between the MCD64A1 and the Landsat 8 cell proportions increases monotonically with the cell size, from *r*^2^ = 0.70 (3 km cells) to *r*^2^ = 0.75 (6 km cells). The slopes also increase monotonically with the cell size, and become progressively closer to unity, varying from 0.795 (3 km cells) to 0.818 (6 km cells) reflecting how the omission and commission errors compensate each other in progressively coarser cells ([@R62]). The intercepts are small (−0.0030 to −0.0031) but, because of the large number of cells with little or no burned area, point to a systematic burned area underestimation by the MCD64A1 product, consistently with the negative $r\hat{el}B$ presented in [Section 3.1](#S13){ref-type="sec"}. The relatively small size of the burned areas is reflected by the density plots: for all four cell sizes, the majority of points (yellow and red colors) correspond to low burning proportions, and noticeably at the coarser 6 km resolution very few cells are fully burned.

The distribution of the deviations between the cell proportions labeled as burned by the Landsat 8 independent reference data and the cell proportions labeled as burned by the MCD64A1 product is summarized in [Fig. 5](#F5){ref-type="fig"} (*top*), and the histogram of the cell proportions labeled as burned by the Landsat 8 independent reference data is reported in [Fig. 5](#F5){ref-type="fig"} (*bottom*), for 3 km × 3 km and 6 km × 6 km coarse resolution grids. The median, interquantile range and minimum/maximum of the deviations are reported as a function of the Landsat proportion burned, quantized in 0.05 increments. The deviation median and interquantile range values initially increase with the Landsat proportion burned, with the greatest median deviations occurring for a Landsat proportion burned of 0.20 (3 km × 3 km cells) and 0.25 (6 km × 6 km cells), and then decrease for higher proportions, reaching values close to zero for proportions greater than 0.6 for both cell resolutions. This indicates that the MCD64A1 product systematically underestimates the reference area burned in cells with smaller burned areas (i.e. omission errors prevail on commission errors), and correctly identifies the area burned in cells with larger burned areas (i.e. omission and commission errors compensate).

The deviations observed for cells with a small proportion of area burned have a significant impact on the overall areal discrepancy between the MCD64A1 product and the Landsat reference data, because the histogram of the cell proportion is highly skewed, with a clear prevalence of cells with low fractions of area burned. When the total areal difference between the MCD64A1 product and the Landsat 8 OLI reference data is quantized by Landsat proportion burned ([Fig. 6](#F6){ref-type="fig"}, *left*), the largest errors are observed in cells with very low burned area. The maximum difference is observed in cells with burned area proportion in the (0.00, 0.05\] interval when considering 3 km × 3 km grid cells and in the (0.05, 0.10\] interval when considering 6 km × 6 km grid cells, and the difference is negligible for all intervals above 0.60 (3 km × 3 km grid cells) and 0.45 (6 km × 6 km grid cells). When considering the cumulative distribution of the differences ([Fig. 6](#F6){ref-type="fig"}, *right*), 90% of the area difference is due to cells with burned area proportion below 0.25 and 0.30 in 3 km × 3 km and 6 km × 6 km grid cells respectively.

4.. Conclusions {#S15}
===============

This paper presents the Stage 3 global validation of the Collection 6 NASA MODIS MCD64A1 product, implementing the sampling scheme for global burned area validation described in [@R14]. Independent reference data were generated from the interpretation of Landsat 8 OLI image pairs, selected in time and space according to a probability sampling design consistent with the Committee on Earth Observation Satellites (CEOS) Stage 3 Validation protocol ([@R53]). The independent reference dataset consisted of 558 Landsat 8 image pairs, acquired 16 days apart.

Globally, the MCD64A1 product had an estimated Commission Error $\left( \hat{CE} \right)$ of 40.2% and an estimated Omission Error $\left( \hat{OE} \right)$ of 72.6%. These errors are similar to those reported for the MCD64A1 product by [@R18] in a multi-year validation exercise $\left( {\hat{CE} = \mspace{180mu} 35.3\%,\mspace{180mu}\hat{OE}\mspace{180mu} = \mspace{180mu} 62.2\%} \right)$. They used a similar sampling design ([@R59]) to generate a Landsat 5, 7 and 8 independent reference dataset covering 12 years (2003--2014), but with smaller sample size per year than the present study (100 sample voxels per year rather than 558), and only a 20 km × 30 km subset of each Landsat image pair, rather than the entire TSA footprint, was interpreted. Inconsistent Landsat acquisition and archiving prior to the launch of Landsat-8 ([@R42]; [@R78]) also meant that in certain regions the availability of Landsat image pairs for the 2003--2013 period was limited ([@R59]). Given the effort required in the generation of independent reference data, the different strategy adopted in the present paper compared to [@R18] points to the tradeoff between covering a single year with more sample voxels and single stage sampling (i.e. interpreting the entire voxels) to obtain more precise accuracy estimates, or covering multiple years with fewer sample voxels in each year and two stage sampling (i.e. interpreting only a subset of the voxel) to obtain multitemporal accuracy estimates, but with potentially higher standard errors on individual years. The issue is particularly relevant for biome-level accuracy estimates, as the sample size allocated to each biome may be small if the global sample size is not large.

We note that the errors are higher than those reported by [@R29] in our Stage 2 validation (*CE* = 24%, *OE* = 37%). By definition, the Stage 2 validation did not follow a probability sampling design, and so the resulting *CE* and *OE* accuracy metrics were derived from the summation of the confusion matrices of the individual independent reference burned area maps, without taking into account any inclusion probabilities and so are biased estimators. In contrast, the Stage 3 Landsat independent reference dataset was selected following a probability sampling design and provides unbiased estimators of the accuracy metrics, i.e., $\hat{CE}$ and $\hat{OE}$ are estimated by considering the population and sample size in each stratum, as opposed to the biased *CE* and *OE* of a Stage 2 validation. In addition, the Landsat image pairs used in the Stage 2 validation were selected by interpreters who chose pairs that they could interpret easily and so were implicitly biased towards selecting image pairs covering distinct burned areas. Further, the Stage 2 validation used fewer Landsat images, i.e., 192 images (84 image pairs and 24 single scenes), with a predominance of images located in Tropical Savannah and Boreal Forest, whereas the Stage 3 validation reported in this paper used 1116 images (558 image pairs) equally distributed among biomes.

The global annual burned area estimated from the Landsat independentreference data $\left( \hat{B} \right)$, computed by taking into account the population and sample size in each stratum, was 7.6 million km^2,^ approximately twice the 3.8 million km^2^ global annual burned area mapped by MCD64A1. This discrepancy is reflected in the 72.6% estimated Omission Error $\left( \hat{OE} \right)$ and in the −54.1% estimated relative bias $\left( {r\hat{el}B} \right)$ metrics. The regression analysis between the proportions of area burned in coarse resolution cells showed high correlation (*r*^2^ between 0.698 and 0.751), slopes close to unity (0.795--0.818) and small intercepts (−0.0030 to −0.0031) considering grid cell resolutions from 3 km to 6 km, and indicated significant compensation of the MCD64A1 errors of omission and commission at local scale. The analysis of the deviations between the Landsat and MCD64A1 burned area proportion in coarse resolution cells indicated that the MCD64A1 product systematically underestimates the area burned in cells with smaller proportion of area burned (\< 0.6 both at 3 km and 6 km grid cell resolution), whereas the estimates are correct for greater proportions of are burned. Because of the prevalence of cells with very small area burned, the total areal difference between the MCD64A1 product and the Landsat reference data can be largely attributed to cells with very small proportions of area burned: 90% of the area difference is due to cells with less than 0.25 and 0.30 proportion of area burned, when considering 3 km and 6 km resolution grid cells respectively. Evidently, small and spatially fragmented burned areas that are discernable at 30 m Landsat scale are not mapped by MCD64A1 at 500 m scale.

Both the confusion matrix and regression accuracy estimation approaches revealed that the accuracy of the MCD64A1 product varied significantly among biomes. The lowest errors were observed in Boreal Forest, Tropical Savanna and Temperate Savanna, while the highest errors were observed in the Tropical Forest, Temperate Forest and Mediterranean biomes. The reasons for this are complex but certainly the major proportion of the MCD64A1 mapped burned areas in the Boreal Forest, Tropical Savanna and Temperate Savanna biomes are spatially extensive, are often distinct in MODIS data, and can persist on the landscape for long periods and so their detection in cloudy conditions is still possible ([@R24]; [@R69]; [@R63], [@R65]; [@R48]; [@R5]; [@R51]). In the Tropical Forest, Temperate Forest and Mediterranean biomes burned areas are often small and temporally nonpersistent ([@R17]; [@R52]; [@R77]; [@R2]; [@R33]; [@R76]; [@R51]). In these latter biomes small cropland burns may also account for a large fraction of the fire activity ([@R41]; [@R65]; [@R49]), and the poor performance of the MCD64A1 product and other global burned area products over croplands has been observed in previous studies ([@R65]; [@R58]; [@R32]; [@R43]). Beyond the stratification by biome, a rigorous characterization of the errors as a function of land cover, seasonality, shape and spatial distribution of the burned areas is a priority for future work.

The Stage 3 Landsat independent reference dataset will be used for the validation of the forthcoming science-quality Suomi National Polarorbiting Partnership (S-NPP) Visible Infrared Imaging Radiometer Suite (VIIRS) VNP64A1 burned area product. It is anticipated that the validation exercise will be repeated in the course of the VIIRS mission to assess the performance of the VNP64A1 burned area product. As discussed in [@R14] and [@R59], one of the advantages of the voxel sampling grid is that it makes it straightforward to extend the temporal period of study by adding complete years, thus making it possible to incrementally augment the independent reference dataset, achieving Stage 4 validation once the full duration of the mission is covered. Recommended research is to expand the independent reference data sampling scheme to include Sentinel 2 imagery that is also able to map burned areas ([@R34]; [@R67]; [@R61]) and has higher temporal resolution than Landsat 8 ([@R45]).
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![Illustration of the global stratified tri-dimensional grid, defined spatially by the Thiessen Scene Area (TSA) tessellation of the Landsat path/row locations (hexagons) and temporally by the Landsat 16-day acquisition calendar at each path/row ([@R14]). *Top*: stratification of the TSA hexagons based on seven aggregated biomes derived from the [@R56] terrestrial ecosystem map; the analysis is performed between 70° S and 70° N because the MCD64A1 product is not generated at higher latitude, all TSAs covering exclusively water and permanent ice are excluded. *Bottom*: global spatial distribution of the high fire activity voxels for the 2014 to 2015 fire year; at each TSA location the map displays the number of voxels assigned to the high fire activity stratum based on the number of MOD14/MYD14 active fire detections.](nihms-1582445-f0001){#F1}

![Spatial and temporal distribution of the 558 voxels used to assess the MCD64A1 product accuracy. Each voxel is defined by a pair of Landsat 8 images acquired 16 days apart, interpreted as burned, unburned or unmapped ([Section 2.1](#S3){ref-type="sec"}). The acquisition date of the first Landsat 8 image is displayed with a rainbow color scale.](nihms-1582445-f0002){#F2}

![Scatter plot of the proportions of coarse resolution 5 km × 5 km cells labeled as burned by the MCD64A1 product, plotted against the proportion labeled as burned by the Landsat 8 independent reference dataset, combining the voxel results for each biome and globally. The point density distribution is calculated using a 25 × 25 quantization of the plot axes, and is displayed with a logarithmic color scale. The blue lines show the ordinary least squares regression of the proportion data; the dashed 1:1 lines are shown as reference.](nihms-1582445-f0003){#F3}

![Global scatterplot results, as [Fig. 3](#F3){ref-type="fig"}, considering coarse resolution (a) 3 km × 3 km, (b) 4 km × 4 km, (b) 5 km × 5 km, and (d) 6 km × 6 km grid cells.](nihms-1582445-f0004){#F4}

![Summary parameters of the distribution of the deviations between the proportions of area burned mapped by the Landsat 8 reference data and the proportion of area burned mapped by the MCD64A1 product, reported as a function of the Landsat proportion burned quantized in 5% intervals. As in [Fig. 4](#F4){ref-type="fig"}, all global voxels are combined. Because the differences between the distributions obtained with the four grid cell sizes of [Fig. 4](#F4){ref-type="fig"} are nearly identical, only the smallest and largest grid cell sizes are reported (*right column*: 3 km × 3 km results; *left column*: 6 km × 6 km results). *Top row*: median (solid circles), interquantile range (lines) and minimum/maximum (open circles) of the deviations. *Bottom row*: total number of cells in which a given proportion of area burned is observed in the Landsat reference data. In all plots the Landsat proportion burned is quantized in 21 intervals, defined as {\[0.00\]; (0.00,0.05\]; (0.05,0.10\] ... (0.90,0.95\]; (0.95,1.00\]}.](nihms-1582445-f0005){#F5}

![Area burned difference between the Landsat reference data and the MCD64A1 product, computed in 3 km × 3 km (*red circles and lines*) and 6 km × 6 km (*black circles and lines*) coarse resolution grid cells, reported as a function of the Landsat proportion burned, quantized with the same 21 intervals of [Fig. 5](#F5){ref-type="fig"}. *Left*: burned area difference \[km^2^\] computed by summation of the Landsat-MODIS burned area deviations in all the global cells with a given Landsat proportion burned. *Right*: cumulative distribution of the areal differences, reported as percentage of the total difference between the Landsat reference data and the MCD64A1 product in all global voxels.](nihms-1582445-f0006){#F6}

###### 

Summary of the tri-dimensional grid stratification over the fire year (March 1^st^, 2014 to March 19^th^, 2015) showing for each biome and globally the number of TSA hexagons, the number of voxels, the number of low and high fire activity voxels, and the total burned area detected by MCD64A1 over the fire year.

  Biome                      Number of TSA hexagons   Number of voxels   Number of high fire voxels   Number of low fire voxels   MCD64A1 total burned area \[km^2^\]
  -------------------------- ------------------------ ------------------ ---------------------------- --------------------------- -------------------------------------
  Tropical Forest            1352                     31096              1963                         29133                       374366
  Temperate Forest           1142                     25898              1562                         24704                       123664
  Boreal Forest              2070                     47610              364                          47246                       97955
  Tropical Savanna           851                      19573              1621                         17952                       2815146
  Temperate Savanna          785                      17825              953                          17102                       184535
  Mediterranean              258                      5934               350                          5584                        18031
  Deserts/Xeric Shrublands   1347                     30981              860                          30121                       204505
  Global                     7805                     179515             7673                         171842                      3818410

###### 

Summary of the distribution across strata of the 558 voxels ([Fig. 2](#F2){ref-type="fig"}) used to assess the MCD64A1 product accuracy.

  Biome                      Number of Voxels         
  -------------------------- ------------------ ----- -----
  Tropical Forest            36                 41    77
  Temperate Forest           40                 42    82
  Boreal Forest              37                 41    78
  Tropical Savanna           43                 39    82
  Temperate Savanna          41                 42    83
  Mediterranean              36                 43    79
  Deserts/Xeric Shrublands   36                 41    77
  Global                     269                289   558

###### 

Confusion matrix used to assess burned area product accuracy, where the matrix elements describe either the area *A*~*ij*~ \[m^2^\] or the proportion (*p*~ii~) \[0--1\] of agreement and disagreement of burned and unburned area between the classified data, and the reference data. If expressed as area, the four elements sum to *A*, the total spatial extent of the product; if expressed as proportions, the four elements sum to unity.

                                        Reference data      
  ----------------- ------------------- ------------------- -------------------
  Classified data   Burned              *A*~11~ (*p*~11~)   *A*~12~ (*p*~12~)
  Unburned          *A*~21~ (*p*~21~)   *A*~11~ (*p*~22~)   

###### 

Estimated global and per-biome confusion matrices, reported both in terms of area and in terms of proportions (in parentheses), using the same row, column conventions as in [Tables 2](#T2){ref-type="table"} and [4](#T4){ref-type="table"} Globally a total of 558 voxels considered. The proportions ${\hat{p}}_{ij}$ are estimated taking into account the strata sample and population sizes as \[[3](#FD3){ref-type="disp-formula"}\]; the areas ${\hat{A}}_{ij}$ are derived by multiplying each ${\hat{p}}_{ij}$ by the total area *A* of all the voxels of each biome.

  Biome                      ${\hat{A}}_{11}\mspace{180mu}\left\lbrack \text{km}^{2} \right\rbrack\mspace{180mu}\text{(}\left. {{\hat{p}}_{11}\lbrack 0 - 1\rbrack} \right)$   ${\hat{A}}_{12}\mspace{180mu}\left\lbrack \text{km}^{2} \right\rbrack\mspace{180mu}\left( {{\hat{p}}_{12}\lbrack 0 - 1\rbrack} \right)$   ${\hat{A}}_{21}\mspace{180mu}\left\lbrack \text{km}^{2} \right\rbrack\mspace{180mu}\left( {{\hat{p}}_{21}\lbrack 0 - 1\rbrack} \right)$   ${\hat{A}}_{22}\mspace{180mu}\left\lbrack \text{km}^{2} \right\rbrack\mspace{180mu}\left( {{\hat{p}}_{22}\lbrack 0 - 1\rbrack} \right)$
  -------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------
  Tropical Forest            249910 (0.0005)                                                                                                                                   435447 (0.0009)                                                                                                                           2397674 (0.0052)                                                                                                                          4.56 10^8^ (0.9933)
  Temperate Forest           17550 (0.0001)                                                                                                                                    22055 (0.0001)                                                                                                                            301734 (0.0009)                                                                                                                           3.32 10^8^ (0.9990)
  Boreal Forest              100772 (0.0003)                                                                                                                                   31695 (0.0001)                                                                                                                            37259 (0.0001)                                                                                                                            3.85 10^8^ (0.9996)
  Tropical Savanna           1547709 (0.0037)                                                                                                                                  840401 (0.0020)                                                                                                                           2386575 (0.0057)                                                                                                                          4.16 10^8^ (0.9886)
  Temperate Savanna          135805 (0.0005)                                                                                                                                   52443 (0.0002)                                                                                                                            234781 (0.0008)                                                                                                                           2.88 10^8^ (0.9985)
  Mediterranean              7211 (0.0001)                                                                                                                                     10287 (0.0002)                                                                                                                            116962 (0.0019)                                                                                                                           0.64 10^8^ (0.9979)
  Deserts/Xeric Shrublands   34966 (0.0001)                                                                                                                                    15529 (\< 0.0001)                                                                                                                         64632 (0.0001)                                                                                                                            5.52 10^8^ (0.9998)
  Global                     2093922 (0.0008)                                                                                                                                  1407857 (0.0006)                                                                                                                          5539617 (0.0022)                                                                                                                          2.49 10^9^ (0.9964)

###### 

Estimated global and per-biome accuracy metrics and total burned area, and associated standard errors derived from the [Table 4](#T4){ref-type="table"} estimated confusion matrices. See [Equations \[5](#FD5){ref-type="disp-formula"}--[8](#FD8){ref-type="disp-formula"}\] for the accuracy metric definitions and [equation \[10\]](#FD10){ref-type="disp-formula"} for the associated standard errors. See [equations \[11](#FD11){ref-type="disp-formula"}--[12](#FD12){ref-type="disp-formula"}\] for the total burned area estimation, and [equations \[13](#FD13){ref-type="disp-formula"}--[14](#FD14){ref-type="disp-formula"}\] for the associated coefficient of variation.

  Biome                      $\hat{OA}$ \[%\]   $\hat{SE}\left( \hat{OA} \right)$ \[%\]   $\hat{OE}$ \[%\]   $\hat{SE}\left( \hat{OE} \right)$ \[%\]   $\hat{CE}$ \[%\]   $\hat{SE}\left( \hat{CE} \right)$ \[%\]   $r\hat{el}B$ \[%\]   $\hat{SE}\left( {r\hat{el}B} \right)$ \[%\]   $\hat{B}$ \[km^2^\]   $CV\mspace{180mu}(\hat{B})$ \[%\]
  -------------------------- ------------------ ----------------------------------------- ------------------ ----------------------------------------- ------------------ ----------------------------------------- -------------------- --------------------------------------------- --------------------- -----------------------------------
  Tropical Forest            99.4%              0.4%                                      90.6%              1.5%                                      63.5%              8.0%                                      −74.1%               4.2%                                          2647584               14.5%
  Temperate Forest           99.9%              0.1%                                      94.5%              2.1%                                      55.7%              7.9%                                      −87.6%               3.5%                                          319284                23.3%
  Boreal Forest              99.9%              0.1%                                      27.0%              9.8%                                      23.9%              3.9%                                      −4.0%                9.1%                                          138031                34.6%
  Tropical Savanna           99.2%              0.1%                                      60.7%              5.6%                                      35.2%              2.5%                                      −39.3%               7.6%                                          3934283               13.8%
  Temperate Savanna          99.9%              0.1%                                      63.4%              11.8%                                     27.9%              7.9%                                      −49.2%               11.1%                                         370586                22.8%
  Mediterranean              99.8%              0.1%                                      94.2%              8.2%                                      58.8%              10.6%                                     −85.9%               16.1%                                         124173                42.4%
  Deserts/Xeric Shrublands   99.9%              \< 0.1%                                   64.9%              6.4%                                      30.8%              6.0%                                      −49.3%               7.54%                                         99598                 18.1%
  Global                     99.7%              \< 0.1%                                   72.6%              3.9%                                      40.2%              2.4%                                      −54.1%               5.3%                                          7633539               8.9%
